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I. INTRODUCTION.
6
Although the use of reinforced concrete for the construction
of column footings has "been common amoung engineers and builders
for a number of years, no rational analysis has yet been made of
the stresses which are developed in the footings nor has any empir-
ical analysis based upon a large number of tests yet been made
public. Methods of design are used which are based largely upon
judgment and certain assumptions as to the action of footings under
load. The variation in the results obtained by different methods
of design and the importance of footings in building construction
are sufficient reasons to justify great efforts on the part of
engineers to secure reliable, and economical methods of design.
The action of a footing is somewhat similar to that of a
cantilever flat plate, double curvature being developed which in-
volves complex stresses and makes analysis difficult. In the year
book of the University of Minnesota, Prof. H. T. Eddy has presented
an analysis of the stresses in homogeneous flat plates, but it is
of such complex nature that few attempts have been made to apply
it to a non—homogeneous material like concrete.
In the last decade engineers of both Europe and America have
been impressed with the need of tests on concrete to furnish basis
for the development of theories as to its action when stressed.
Attention has been directed mainly to concrete beams and columns,
both plain and reinforced, and as a result rational methods of
design for these .members have been developed; however no tests made
on column footings prior to the year 1908 are recorded. In that
year tests upon 32 footings were made at the University of Illinois
Engineering Experiment Station and were incorporated in the thesis

of Messrs. N. H. Hill and B. F. Zahro"bs!ky . In these tests many in-
teresting results were obtained some of which brought out new ques-
tions and stimulated interest in testing column footings. Further
tests were made % consequently f in 1910 ^ 1911, rnd 1912 by Llessrs.
Charles Harris and J. V. P.ichards, E. K. Kent and E. R. Math, and
V/. H. Farnum and C. E . Palmer as a part of thesis work.
The above tests were undertaken under the direction of Prof-
essor Talbot. These series comprise tests on 94 footings altogether
32 were tested in 1908-9, 28 in 1909-10, 20 in 1910-11 and 14 in
1911-12. The footings were all 5 ft. square and varied in depth
from 6 in. to 18 in. In general they were of rectangular cross
section, but in one the upper surface was sloped to a depth at the
edges v;hich was 7 in. loss than in the center. The amount of
reinforcement ranged from 0% to 1.23$ and was varied both as to
kind and disposition . Plain round, corrugated square and corrugated
round bars of various sizes were used. The mixtures used in mak-
ing the footings were 1-2 l/2-5 and 1-2-4.
The results of these tests, which were used in the theses above
mentioned, have all been carefully worked over nnd have been incor-
porated in Bulletin No. 67 of the Engineering Experiment Station.
In this bulletin conclusions have been stated as to
a. Position of critical section.
b. 'width to be considered effective in resisting bend-
ing moment
.
c. Merits of various methods of reinforcement.
Formulas have also been given for determining flexural, shearing,
and bond stresses. V/hile a great deal was accomplished by the above
named tests some questions were brought out which made the need of

8further investigation apparent.
This thesis records the results of a new series of tests in-
volving seven footings. These footings are fully described in
Part III, Materials, Test Pieces, Apparatus and Method of Testing.
It was expected that these tests would clear up a number of x>oints
which were left rather hazy in the 1912 tests . Slip measurements
were taken on the reinforcing rods to confirm the results of the
preceding year. In order to determine whether the failures of the
footings of 1912 which had the reinforcement in the outer 12 in.
were due to bond or were explainable by considering the critical
section to be in a diagonal direction, similar specimens wore con-
structed for this series with the bars welded at each intersection
in order to increase the resistance to slipping. It was thought
if the failure was due to the critical section being in a diagonal
direction that the welding of the bars would not affect the method
of failure. These failures should occur at loads not much in ex-
cess of those of the preceding year.
Although some of the objects of this series of tests are out-
lined above they are subsidiary to the main object which was to
measure the compression developed in the top of the footing. The
recent development of the strain gage has made possible this new
method of investigation which was not available in the -previous
tests. The tests of the present series represent the beginning of
a new method of investigating column footings and while it is not
final it is believed that they will give important indications and
suggest lines for further investigation.
Acknowledgment - During the preparation of this thesis much
valuable information and assistance has been obtained from the

9"bulletin which hps previously been mentioned, on F.einforced Concrete
Wall Footings and Column Footings, "by Professor Arthur IT. Talbot.
For the personal attention of Professor Talbot under whose dir-
ection the tests were carried out due appreciation is herewith
expressed. Acknowledgment is made also to Mr. D. A. Ahrams, As-
sociate in the Engineering Experiment Station, who superintended
the making of the specimens, to Mr, W. A. Slater, First Assistant
in the Engineering Experiment Station, for his assistance in mak-
ing the tests and preparing this thesis, and to Messrs. G. A. Man-
ey and H. 7., Thomas, Fellows in the Department of Theoretical and
Applied Mechanics for their assistance in carrying out the inves-
tigation .
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II . Theory .
The following nomenclature has been adherred to in the anal-
yses given in this chapter.
w = upward uniform pressure per unit of area on the bottom
of the footing.
1 = length of side of the footing.
a = length of side of pier.
A = total area of steel in the cross section.
f = tensile stress per unit of area in the steel.
d = distance from compression face to center of the steel.
d'= distance from center of the- steel to the center of grav-
ity of the compressive stresses .
j = ratio d 1 to d.-
rn = number of bars in the effective width of footing,
o = circumference of one bar.
u = bond stress per unit of area on the surface of the rein-
forcing bars .
v = vertical shearing stress per unit of area in the concrete
To give some idea of the variations which may be expected
from different methods of design a few of the methods are briefly
outlined
.
Host designers consider the load which comes upon the pier
to be uniformly distributed over the area of the pier. The upward
pressure upon the bottom of the footing is also considered to be
uniformly distributed over the area. (Fig. 1). In getting the
bending moment one method is to consider the offsets of the footin
as BCLK, Fig. 1. to act as cantilever beams. The upward pressure
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on BC1K is assumed to be concen-
trated, at the center of gravity of
the. area and the bending moment
then is the pressure multiplied by
rj
the distance,
-n- . The resisting
moment is considered to "be devel-
oped by the steel in the entire
width stressed to its working
II L
Fig. 1.
stress. In a method similar to
this the pressure on the area BCELI
concentrated at the center of
gravity of the area, is multiplied
by the distance from this center
of grnvity to the center of the
footing to obtain the bending
moment. The resisting moment is
the same as in the preceding methoc
Another method is to consider the pressure upon the trapezoid AEIID
or the triangle AOD
. This pressure is multiplied by the distance
from the center of gravity to the critical section which is as-
sumed to be QP for the trapezoid and Mil for the triangle, in order
to obtain the bending moment. The width of beam considered in
resisting this moment is in one method taken to be equal to the
side of the pier EH and in another case it is taken as the width
of the pier plus the depth to the steel.
An abstract of an empirical analysis by Professor Talbot whicl
is based upon the results of the tests which have been made at the
University of Illinois Engineering Experiment Station on column

13
footings is given here.
In this analysis the load is considered as applied uniformly
over the top of the pier and the upward pressure as uniformly
distributed over the "bottom of the footing . The footing is con-
sidered as made up of two sets of beans at right angles to each
other and parallel to the sides. For convenience these will be
Fig. 2 represents a footing
in which the projecting portions as
ABGH nnd BGEF are considered as
cantilever beams carrying uniform
loads over their entire areas as
outlined in the first analysis re-
ferred to on page 11. It is evi-
dent that with such an assumption
the load which comes on the corners
is considered twice • The smaller
the pier the greater this error
becomes. If we consider the load
on the corners but once it is clear that only one—half of this
corner load will go to each beam. This is one of the features of
Professor Talbot's analysis. The distribution of the load which
is considered to go to the ITS beam may be represented by some such
volume as is shown in Fig. 3. At F. the full load may be consid-
ered as going to the H3 bep.i.i. Anywhere on the line BE one—half
of the load goes to each beam and at G none of the load goes to
the IIS. beam. The total volume of the solid is equal to one—half
the total load on the corners and its center of gravity is found
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to be .56 of the distance CB from the
line CrX.
Mr, V/. A. Sinter of the Engineering
Experiment Station has determined, by
analytical methods the effect of a num-
ber of variations of the surface F'B'G'K 1
upon the locations of the center of
gravity of the volume. He has found thai
if the above assumptions as to the dis-
tribution of load at the corners F, B,
G, and K 'be maintained and the volume
be kept equal to one—half the total load,
considerable variation of the upper sur-
face causes but little variation in the position of the center of
gravity, 1 The critical section is taken to be at a section thru
the face of the pier. This section is chosen because it is fairly
representative of the position of the critical section as deter—
mined from the tests. The equation for bending" moment is- then
obtained.
1 1 If
Li = ac x w x 7> + —c x w x . 6c + X G ~ x v; x
= (-^ac e + .6c3 ) w.
The center of gravity of the corner load which goes to one beam
has been tahen for convenience to be .6c distant from the critical
section of that beam.
The bending moment is resisted by a moment equal to
11 = A f j d.
Af represents the total stress in the steel in the full width of
1
1 /
i.
/ / / / / / /a/*
/ / 4
/ / / /
'/ i^r / /i
rG
Fig. 3.
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Fig.. 4- Fig. 5.
footing. The stress in the steel, however, may he expected to vary
from a maximum under the pier to a mimimum at the edge of the foot-
ing. Between these points the stress probably varies according
to a curvilinear relation. This is shown diagramatieally in Fig. 5
The ordinates to the curve represent the stress in bars which are
at right angles to the section. It is evident that the same re-
sisting moment could be obtained by considering the maximum stress
f to be developed in all the steel in a width less than the full
width of the i'ooting, as is represented by the dotted rectangle
Fig. 5; thus making the same total amount of stress. When the bars
are uniformly spaced, the effective width of footing (width in
which the steel if stressed to its maximum stress f will give the
Same total amount of stress as all of the steel stressed a variable
amount) has been found to be approximately
b = a + 2d + -|(1 - a - 2d)
This formula, obviously, should not be used in case it. gives an
effective width greater than the width of the footing.

—~
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The "bond stress in footings is sometimes more important than
designers usually consider. It may he based upon the shear at the
section at the face of the pier, which is
V = id* _ a8
4
= (ac + c2 ) w
The expression for bond stress is then
V
m =
mo j d
where m is the number of bars in the effective width of footing.
This method of calculating bond stress does not hold for footings
with all of the reinforcement in the outer portions as in footings
Ho. 1048.1 and 1848.2.
Diagonal tension failures in footings have occurred generally
by the pier being punched thru the footing. The planes of frac-
ture form a frustrum of a pyramid and make angles with the horizon-
tal of about 45° . This is shown in Fig. 6. In measuring the re-
sistance to diagonal tension the
practice which is followed in "beams
of using the vertical shearing stresjj
developed may also be used for com-
parison in footings. The critical
section for calculating the vertical
shear to lie used as a measure of the
diagonal tension may be taken as the
section enveloping the base of the
frostrum at a distance d from the
- 1
\ ! t/ \ ! d
• 1
Fig. 6.
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face of the pier. The amount of vertical shear -in thin section is
V = (l2 — (a + 2d)* )w
and the expression for the critical vertical shearing stress Is
V = I
4(a + 2a)jd

III. MATERIALS , TEST PIECES, APPARATUS, AITD METHOD
OF TEST IIIG.

19
III- LIATBRIALS, TEST PIECES, APPARATUS
A1TD METHOD OF TESTIlGf.
1. Materials*
Cement . — Universal Portland cement was used in making all of
the footings. It was bought in open market and like the sand and
stone was representative of the "best material ordinarily used in
this section of the country. Tests of the cement made by B. L.
Bowling in the Cement Testing Laboratory of the University of Illin-
ois show the following results, each value being the average of
five samples
.
TABLE 1.
Tensile Strength of Cement
Ultimate Strength, lb . per s q . in
.
Sample Age 7 days. Age 28 days
ITo. ITeat 1:3 Mortar Heat 1 :3 Mortar
C196 592 211 712 285
C194 584 201 765 302
C197 608 210 743 315
Average 595 207 740 301
The tests showed the cement to attain its initial set in
3 hours and itn final set in 6 hours, 25 minutes.
Sand.- — The sand, which came from the Wabash river near Attica
Indiana, was of good quality, sharp, fairly clean and well graded.
The mechanical analysis of the sand is given in Table 2. Each
value is the average of 5 samples.
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TABLE 2.
Mechanical Analysis of Sand
Sieve Ho. Size of Mesh per cent
inches passing
3 0.280 100.0
r-Q .174 90 .
9
10 0.091 69.1
12 0.067 63.8
16 58.3
18 0.043 48.4
30 0.027 31.1
40 0.019 19.5
50 0.013 6 .5
74 0.009 2.9
150 0.9
Stone . — The stone used in making the footings was a good
quality of crushed limestone from Kankakee, Illinois, ordered
screened thru a 1-in. and over a l/4-in. screen. • Both the sand
and stone were of the same quality as has "been used in making
test specimens for several years at the University of Illinois.
Table 3 gives the mechanical analysis of the stone.
TABLE 3.
Mechanical Analysis of Stone.
Average of 5 samples.
ieve Size of I.lesh Per cent
ITo. inches passing
1.000 100.0
0.750 95.5
0.500 66.7
0.375 46.3
3 0.280 25.9
5 0.174 8.1
10 0.091 3.4

Concrete . — The concrete used in the footings was machine
mixed. It was of rather wet consistency so that when tamping was
attempted a churning action resulted. The mixture was (1) one pari:
cement, (2) two parts of sand and (4) four parts of stone, all meas
urea by loose volume and checked by weight.
Steel • — [The reinforcing consisted of plain round mild steel
rods made by the Open Hearth Process. Two sizes of rods were used;
3/8—in. and 5/4—in. in diameter. Twenty bars of each size used
were tested to determine the yield point and the ultimate strength.
The 5/4—in. steel had an average yield point of 36550 lbs. per sq.
in. and an ultimate strength of 56800 lbs. per sq. in. The 5/8—in.
steel had an average yield point of 42580 lb. per sq. in. and an
ultimate strength of 61000 lb. per sq. in. An auxiliary bar l/4 in
in diameter was used in two of the footings. This had a yield
point of 44000 lb. per sq. in. and an ultimate strength of 56450
lb . per sq . in
.
2. Test Pieces .
Size and I?oinforcement . — Seven footings were tested in this
series. They were made in pairs, each pair having a different kind
of reinforcement. Ail of the footings were 5 ft. square with the
center of gravity of the steel placed 10 in. below the top. Six
of them had a total depth of 12 in. and one, no. 1849.1, had a
total depth of 14 in. Some of the footings were designed so as to
give bond failures in order to make the slip readings of value.
Others with the same total area of steel were designed with the
expectation that they would fail, by tension or diagonal tension.
Footings ITo. 1845.1 and 1845.2 were reinforced with 5-5/4-in. round
rods spaced uniformly in the central 46 in. ITos. 1847.1 and 1847.2

were reinforced with 20-3/8—in. round rods also spaced uniformly
in the central 46 in. Footings Ho. 1840.1 and 1840.2 were reinfor-
ced with 22-3/G-in. round rods spaced uniformly in the outer foot
of the specimen and welded together at each intersection, thus form
ing practically a continuous hand of steel around the perimeter.
The last of the series, Ho. 1849.1, differed from Ho. 1845.1 and
1845.2 only in the total depth of concrete.
For the purpose of determining the deformation near the hot torn
of the footings, an auxiliary rod l/4 in. in diameter v/as embedded
in the concrete around the perimeter at the level of the reinforc-
ing rods in Hos . 1845.2 and 1847.2. In 1848.2 deformation readings
were taken on the reinforcing rod nearest the exterior of the foot-
ing. Auxiliary rods for attaching the slip measuring apparatus
v/ere emhedded in the concrete at the center of depth of each of the
4 sides. These rods v/ere perpendicular to the faces and extended
out from them about 6 inches. Slip v/as measured at 5 points on
aaeh side in footings Ho. 1845.1 and 1845.2, 1847.1 and 1847.2,
and 1849.1. In Hos. 1848.1 and 1848.2 slip v/as measured at 6 point
on each side. A few days before testing each specimen, holes were
drilled in the top for receiving the steel plugs used in the com-
pression measurements. In the first footings these plugs were set
in cement, but as this proved inefficient in holding them firmly,
plaster of paris was tried. This likewise was not very satisfac-
tory, so it was decided finally to caulk the plugs in v/ith lead.
This method was followed in all of the later footings and proved
to be highly satisfactory. The general size and dimensions of the
footings are shown in the accompanying diagram.
Making and Storage . — The footings v/ere made of (1) one part
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cement, (2) two parts sand and (4) four parts of crushed limestone.
Centered on the footing and anchored and "bonded firmly to it was
a l£_iv . cube of richer mixture. The footings were made on the
floor of the laboratory by men skilled in the making of test spec-
imens. A layer of building paper was laid in the bottom of the
forms to keep the concrete of the footings from adhering to the
concrete of the floor. The forms were removed after 7 days, but
the footings were not moved until about one month after making.
They were then stacked so as to occupy less floor space in the
laboratory and stored until date of test.
I.linor Test Pieces . — Three six—inch Cubes and one control beam
were made from the same batch of concrete as each footing. They
were stored in damp sand until tested. Hone of the control beams,
however, were tested. The results of the cube tests are given in
Table 4.
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TABLE 4.
Compression Tests of G— in. Concrete Cubes
looting
No.
Cube Date Date Age Max. Load
ITo. Llade Tested days pounds
lb
Ult.Unit Average
Stress pounds per
.per sq.in. sq.in.
1845.1
1 Jan. 8, Liar. 29, 98300
2 1913 1913 80 98850
5 94100
2730
2740
2615
2695
1848 .1
1 Jan. 31. Apr. 17. 76 97250
2 100000*
3 100000*
#2** Llay 17. 106 119750**
#3** 126400*'"
2700 -
2780
2780
3330
3510
2753
3420
104 7.1
1 Jan. 13. Apr. 17. 94 100000
2 93800
3 98350
2780
2605
2730
2705
1849.1
1 Jan. 25. Apr. 17 82 100000*
2 100000*
5 100000*
#1** May 17.112 133395**
#2** 129200**
t&* 132625**
2780
2780
2780
3710
3590
3680
2780
3660
1847.2
1 Feb. 8. Apr. 17. 68 100000
2 91800
3 • 75500
2780
2530
2090
2467
1848.2
1 Feb. 13. Llay 16 92 69860
2 86480
3 86000
1940
2400
2390
2243
1845.2
1 Feb. 8. Uay 17. 98 74475
2 83010
3 ' 89260
2065
2305
2480
2283
* Strength was beyond the capacity f the 100, 000#Riehle mac-
hine on which they were tested.
Retestea on the 200,000# Olsen machine.

3. Apparatus
.
When the first tests on column footings wore made in 1908—9
at the University of Illinois, a special piece of apparatus was
designed f.or applying the load. She same apparatus was used in
the tests of 1910, 1911, 1912 and in the present series. The con-
struction of this machine is clearly shown in some of the photo-
graphs contained in this thesis. In "building construction the foot
ing rests upon the ground and the earth pressure is assumed to "be
uniformly distributed over its entire area In order to approach
this assumed distribution of pressure as nearly as possible in the
testing apparatus a bed composed of 161 springs arranged as shown
in Fig. 8 was used. The springs were helical — nominally 5 x 12
x 9/l6 in. in size. The heights, however, varied from 11 7/8 in.
to 12 1/4 in. The springs were assorted and arranged according
to height with the tallest ones in the outer courses. The numbers
in Fig. 8 refer to the following scale;
No. 5 = 12 l/4 in.
ITo. 4 = 12 1/8 in.
No. 3 = 12 in.
Ho. 2 = 11 7/8 in.
5 5 5 r*iJ 5 5 5
L> 4 4 4 4 4 rrO 4 4 4 4 4 5
5 4 4 4 4 4 4 4 4 5
4 4 3 3 3 3 rr 3 3 4 4
r*5 4 4 3 rr*5 3 3 3 3 4 4 5
4 3 rr rzO rrO 3 3 3 4
5 4 4 O 3 3 O 2 3 3 4 4 5
5
rr r* 2 3 rz 5
4 4 3 3 3 2 3 3 3 4 4
4 rrO 3 3 rfO 3 rr 4
5 4
4
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4
3
3 3
3
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5
eb A.
5
4 4
5
4 4
5
rr
5"
4 4
5
4 4
5
5
5
Fig. 8.
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The arrangement of springs was maintained by means of wood strips
crossed so as to form a nest of squr.ro compartments. The bed of
springs rested on a floor composed of 12—10—in. I—"beams . These
are supported at the ends by 2—12—in., 55 lb. I—beams and these
in turn rest upon blocks of concrete. The load in this series of
tests was applied by means of one 200 ton oil jack which was placed
between the footing and a 24—in. I—beam above instead of two 100
ton jacks which were used at the ends of the I—beam in preceding
years. The greatest advantage, perhaps, of this arrangement of
the jack was that no attention was required after the first adjust-
ment of the apparatus to keep the 24—in. I—beam level and the
possibility of oblique loading was thereby reduced. The use of a
Single jack in this position also increased the head room between
the top of the footing and the I—beam above. The 24—in. I—beam
was connected with the 12—in. I—beam supports below by means of 4
1 l/2—in. round rods at each end. A spherical bearing block was
used between the 24—in. I—beam and the jack 'in such a position as
to insure that the resultant of the load would be applied approx-
imately through the center of gravity of the pier. One or two
3—in. enst iron blocks ?/ere used under the jack as were required
for fillers. The jack was carefully calibrated before the tests
on the 600,000 lb. Riehle Testing Machine*. All loads were taken
from the calibration curve.
The instruments used for measuring deformations and slip of
bars are shown in the accompanying photographs. For more complete
descriptions of those instruments and the methods of using them,
reference is made to Bulletins 64 and 67 of the University of Illi-
nois Engineering Experiment Station.

Strain Gages Used in Tests for Measuring De-
formations .

30
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4 . Method of Testing.
-fcTl q g q
The footings were tested in the same manner as were m previous
years. Especial care was taken to center the footings on the "bed
of springs, to center the jack on the pier and to level the 24—in.
I—beam. The reaction rods at each end of the I-beam were carefully
plumbed and the nuts on them were tightened to a firm "bearing on the
cast iron blocks
.
The load was applied in increments of from 20,000 to 50,000 lb
.
readings being taken after each increment. Two sets of zero readings
were taken to' serve as a check on each other and their average was
used as the correct zero reading. The time required for each set
of readings ranged from 20 to 30 minutes and length of time that
the footings stood under load may have had some effect in reducing
the loads at which they failed. It in well known that specimens
which arc loaded continuously and rapidly to failure, f*il at
loads higher than those which are loaded more slowly, or where the
full amount of deformation is allowed to develop after each incre-
ment. Three men were necessary in making the tests, two to act
as observers, and one as recorder. During the progress of the
tests a careful watch was kept for the appearance and development
of crocks
.
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IV. EgPEBBgllTAI DATA AITD DISCUSSIQ1I.
Explanation of Tables . — The general data of the footings are
given in Table 5, page 34. Table 6, page 35 gives observed and
calculated data of .the footings, Columns 2 and 3, headed Load at
First Crack and Ultimate Load do not include the weight of the
jack nor the weight of the footing itself. The jack weighed about
500 lb. and the footing 3900 lb. These weights have been taken
into account in calculating the stress in the steel, bond stress
and vertical shearing stress. The stress in the steel and the bond
stress given in the tables are based upon the total amount of steel
in each direction in the footing. The value of j used in the cal-
culation was taken as 0.90 for the footings which had Q.37$ of
steel and 0.89 for those with 0*4O5$. The compressive stress in
the concrete given in column 8 of the table was calculated from
the measured deformations. The modulus of elasticit}?- of the con-
crete was not determined, but was taken in the calculations to be
2 000 000 lb. per sq. in. Concrete has not a constant modulus of
elasticity ps is the case with steel. For calculating the stress
in the concrete from the measured deformations it would have been
better to have determined the stress—deformat ion relation for the
concrete from cubes or cylinders.
The approximate ultimate slip of the reinforcing rods in four
of the footings is given in Table V, page 36. These were measured
before the ultimate loads were removed from the footings . In
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footings ITo. 1848.1 and 1840.2 the ultimate lateral movement of the
network of steel in the corners was froml/4 in. to l/2 in.
Diagrams . - On pages 45 to 56 diagrams of the footings showing
the disposition of the reinforcement, and the location of cracks wit 1
the loads at which they appeared, are given. Summaries of the ;
calculated stresses and phenomena of the tests are also given on
the same pages . I
The diagrams on pages 67 to 68 show the results of slip meas-
urements for loads "below the ultimate. A diagram of the footing
|
showing the location of cracks is given at the bottom of each page.
The results of the measurements of deformations in the steel are
shown in the diagrams on pages 69 to 71. \
The diagrams on pages 72 to 85 show the results of the meas-
urements for compression in the concrete. The measurements for
compression in the concrete. The measurements were taken in one
quarter of the footing as is shown in Fig# 7, page 23. A quarter
plan of each footing is represented in the diagrams to a scale of
2 in. = 1 ft. The actual locations of the gage lines are shown,
the large circles being gage points. The center of each gage line
has been taken as the center of coordinates for the load—deformation
curve for that gage line. The loads are plotted as ordinates and
the deformations in 6 in. as abscissas. Two diagrams are required
for each footing; the first gives the deformations in an East and
'Jest direction and the second gives the deformations in a Iforth and
South direction. The position of the section of maximum stress is
shown in red, the full line being for the ultimate load and the
dotted line for the load at the first increment below the ultimate
.
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I.lanner of Failure . — The footings of this series may he
divided into three groups according to the method of failure.
Footings Ho. 1845.1, 1845.2 and 1849.1 which were reinforced with
5-5/4 in. harn all failed by bond. Footings Ho. 1847.1 and 1847.2
reinforced with 20-3/0 in. "bars failed by diagonal tension. Foot-
ings Ho. 1848.1 and 1848.2 which were reinforced with .22-3/8 - in.
bars in the outer 12 in. and welded at each intersection failed by
shearing of the concrete from the corners due to lateral displace-
ment of the network of steel.
Bond Failures . - Two of the footings, Hos . 1845.1 and 1649.1,
which failed by bond failed gradually, steady pumping of the jack
being reruired to maintain the ultimate load. Ho. 1845.2 failed
;
suddenly. Bond failures in beams show two general characteristics,-!
sudden failure takes place when the bars slip from the ends and a I
more gradual failure when the bars slip from the direction of the
]
denter. It is probable that the difference in the bond failures
\
in the footings could be explained in the same way. The bond !
stresses developed in these footings were 266, 291 and 573 lb. per
so. in. The vertical shearing stresses developed v/ere between l/4
and 1/3 of the bond stresses.
Diagonal Tension Failures . - The second group consisting of
footings Ho. 1847.1 and 1847,2, which v/ere reinforced with 2£-5/8
in. bars in the central 46 in., failed by diagonal tension. Failure
in the latter took place by the punching of the pier thru the
footing. This has been found to be the characteristic diagonal
tension failure in footings. Ho. 1847.1, however, failed in an

39
inclined crack which divided the footing into halves. 3ecau.se
of this and "because of slipping in the South ends of the "bars the
failure was at first attributed to "bond. However, after a study
of the results of the test it seems probable that it was a diagonal
tension failure. The slip diagram for this footing on page 65.
shows that there was no slip of bars at the loads immediately
"below the ultimate. If what has been mentioned above regarding
sudden bond failures applied to footings it would seem that the
position of the failure crack is too close to the center ri?or this
form of failure. The calculated bond stress, 209 lb. per sq. in.
is not largo enough to indicate bond failure.
Failures due to Shearing
.
- Footings IJo. 1848.1 and 1348.2
form the last group, in these footings the first cracks appeared
about 12 in. from the corners, extending in an inclined direction
from these points to the top corners of the footing. The footings
gave -way suddenly. The concrete in all four corners of each footin
was sheared off simultaneously by a lateral movement of the steel.
These failures are shown clearly in the photographs on pages 95
to 99. The concrete in the corners underneath the bars was loosene
by the failure and could be removed easily. The concrete in the
interstices between the bar?!, however, was firmly wedged in, indi-
cating shearing action and not crushing.
Slip of Bars . — The results of the measurements for slip of
the reinforcing bars given in the diagrams on pages 62 to 68 are
consistent with the method of failure of the footings as outlined
above. The \iagrams for footings JTo . 1845.1 and 1849.1, -which
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failed gradually, show that there was considerable slip of the bars
at a load considerably below the ultimate, while the diagram for
tooting Ho. 1845.2, which failed suddenly, shows that the slip
occurred between the last increment of load and the ultimate.
For footings I!o. 1847.1 and 1847.2 the diagrams are nearly straight
vertical lines indicating no slip before the ultimate which is to
be expected for failures by diagonal tension. The diagram for
footing ITo. 1848. 2 is instructive. It shows that there was some
lateral movement of the bars at a load considerably below the ul-
timate. It also shows that the bars nearest to the center of the
footing had the greatest movement. This would seem to indicate
that the failure started at the points marked A in the diagrams on
pages 55 and 55. The diagram for footing :io. 1848.1 shows the
same characteristics, but less marked.
Stresses in the Steel . — The diagrams on pages 69 and 70 show
the stress in the auxiliary reinforcing rods in footings Ho. 1845.2
and 1847.2. These rods were for the purpose of obtain":" bl le—
formations at the level of the reinforcement rather than to add
strength to the footing. An might be expected with so small a rod
(l/4 in.) the stress varies considerably due to cracks in the con-
crete. The diagrams indicate clearly the effects of cracks upon
the stress, a great change of direction being noticed in the curves
The curves also show that a crack had formed in some places below
the load reported "or the first crack.
The diagram for footing I!o. 1848.2 on page 71 shows the
stresses in the outer rods of the bands of steel. In table 6 is
given the calculated stress. The analysis given in Chapter II. -

Theory, for calculating tension in the steel and bond, as was
stated at that time does not apply to footings in Which the steel
is not uniformly spaced in the width of the footing; and hence it
would not apply to footing No. 1848.2. The stress in the steel,
however, calculated "by this method agrees closely with the meas-
ured stress in the center of the sides, i.e. at d and h. These
values are
Calculated Stress = 24 800 lb . per sq. in.
lleasurod Stress at d = 29 000 To.. per sq. in.
Measured Stress at h = 27 000 !b . per sq. in.
At ultimate load the stress in the steel at the corners is greater
than in the center. The diagram on page 42 shows this variation
for other loads. Stresses in the steel calculated for critical
sections AB, CD and Bp (Pig. 9, page 42 ) are 39 000, 65 500 and
39 600 lb. per sq. in. respectively. In obtaining the bending
moment the total lord which came on the area was used. If the
load is divided into parts which go to two sets of beams at right
angles to each other, as was done in Professor Talbot's analysis,
the resulting stresses will be reduced somewhat. It seems likely,
taking this reduction into accoimt, that the assumption that
critical section is along the line CD would give values of the
calculated stress comparable with the maxi.ium measured stress.
These considerations make it seem probable that the critical sec-
tion for this type of reinforcement should be taken in a diagonal
direction rather than at the face of the pier. The effect of the
concentration of large stresses near the corners upon the rein-
forcement is shown in the photograph on page 97. This shows how
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the rods are cent out of line in two directions.
C oppression in the Concrete . — Diagrams on pages 72 to 85
show the results of the .compression measurements of the concrete.
The positions of the sections of maximum stress are shown in red,
the fall lines representing the section for ultimate load and
the dotted line for the load immediately bel'ow the ultimate. These
show that the section of maximum stress generally corresponds to
the center line of the footing. In footings ITo. 184G.1 and 104G.2,'
however, there see;:is to "be a tendency toward taking a diagonal
direction, especially along the line CD, Fig. 9.
Another noticeable feature brought out by the diagrams is that
at points of large stress in one direction of the concrete, the
stress in the direction at right angles to it is small. This would
seem to indicate that the concrete is curved in only one direction
at these points. That is, the stress as measured on gage lines
I to E, in general is small indicating almost zero curvature, on
gage lines A to E the stress is large, indicating large curvature.
On rectangular section in the East and './est direction would, then,
have an elastic curve of approximate] y this shape, ~~
—
_
—
The same is true of rectangular sections in the Uorth cand South
direction. This shows a tendency for the elastic surface to be
fuled in some of its parts, rather than to have a more uniform
curvature as has been commonly supposed.
An examination of the diagrams shows that perpendicular to a
line from the center of the pier to the center of the edge of the
footing and for a distance of about 6 in. to either side of the
line, large stresses exist, i.e. on gage lines A to D and b to 4.

The stress decreases slightly from the center to the edge along
this line, but not so ouch as might he supposed. That is, the
stress at D does not differ greatly from the stress at a, and the
stress at 4 does not differ greatly from the stress at h, for loads
"below the ultimate.
The magnitude of the maximum compressive stresses given in
Table 6 are of interest. Y.'hen due allowances are made for the
ratio of the load considered to the ultimate load, the results
seem to he fairly consistent. The stresses at the load immediately
below the ultimate show that the concrete had not yet developed
the full compressive stress as shown by the cubes. Between the
load and the ultimate a marked decrease in the elasticity of the
concrete is noticed in those cases where measurements of defor-
mation were taken near the ultimate, as in footings No. 1845.1,
1045.2 and 1847.2.

Footing No. 1845.1.
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70 000 —
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90000 I <
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1 10 000 N
Heinforcement . — 5— 5/4 in. plain round rods. Percent.— 0.57.
Steol stress 10 500 lb. per sr. in.
Bond stress. — £66 lb. per sq. in.
Vertical shearing stress. — 75 lb. per sq> in.
Load was applied in increments of 50 000 lb. At 70 000 lb.
cracks appeared in the centers of the four sides. As the load was
increased these cracks opened until they extended nearly the full
depth of the footing. At 110 000 lb. other cracks appeared on three
of the sides. Failure took place gradually at 113 000 lb. The firs

cracks closed up at the ultimate load.
01 the reinforcing rods.
Failure was due to. slipping

Footing Ho. 1045.2.
7-5" ooo
,
IZ.4000
^. ) / a a 000
V / 00 000
X
—
124000-rr-
i
Reinforcement
.
- 5-5/4 in. plain round rods, percent . - 0.57.
Steol stress. - 21 100 lb. per sq. in.
Bond stress. - 291 lb. per sq. in.
Vertical shearing stress. -80 lb. per sq. in.
Load was applied in increments of 25 000 lb. At 75 000 lb.
first cracks appeared near the centers of each of the sides. These
cracks had extended somewhat at 100 000 lb. and at 124 000 lb. other
cracks, the failure cracks, appeared. The footing failed suddenly
at 124 000 lb. due to slipping of the bars.

/ oo OOO
!
Reinforcement. — 5— 3/4 in. plain round rod??. Percent,— 0.37.
Steel stress. — 27 000 lb. per sq. in.
Bond stress. - 373 lb. per sq. in.
Vertical shearing stress. — 102 lb. per sq. in.
Load was applied in increments of 20 000 lb.. First cracks
appeared near the centers of the North, East, and South sides.
Other crachs formed at 160 000 lb. The footing failed gradually
at 1G0 000 lb. due to slipping of the bars. The cracks on the liortn,
East, and Y/ost sides opened v/idely at the ultimate load.

Footing Ilo. 1847.1
\/60000
r
y&oooo
\ \zooooo
Reinforcement. - 20- 3/8 in. plain round rods. Percent. - 0.37.
Steel stress. - 30300 lb. per so. in.
Bond stress. - 209 lb. per sq. in.
Vortical shearing stress. — 115 lb. per so. in.
Load was applied in increments of 20 000 lb. First cracks
appeared at 100 000 lb. near the centers of the North and East
sides and about 6 in. from the center of the South side. As the
load was increased these cracks extended and others formed, but
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they did not open appreciably even at the ultimate load. At 18000C
lb. the footing failed suddenly either "by diagonal tension or bond,
There was no slip of "bars except on the South. The bars were
stripped from the concrete in the South-east quarter 01 the footing
.

Footing Ho. 1847.2.
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Reinforcement. - 20- 3/8 in. plain round rods. Percent. - 0.37.
Steel stress. — 30300 rb. per sq. in.
Bond stresn. — 209 lb. per sq.. in.
Verticcil shearing stress. — 115 lb. per sq. in.
Load was applied in increments of 25 000 lb. First cracks
appeared at 75 000 lb. near the center of the north, South, and
'.Vent sides, and 12 in. from the center of the East side. Upon
additional increments the first cracks extended and others formed.
ITo signs of failure were visible other than hair cracks until

175 000 lb. was reached. At this load there were indications of
internal disturbances. ?he crack in the center of the ITorth side
commenced to open and a bar in the center of the West side slippe
about l/l6 in. Failure took place suddenly by diagonal tension,
the pier being punched thru the footing.

Reinforcement. - 22- 3/8 in. plain round rods, welded. Percent. -
0.405.
Steel stress. — 24800 11:. per so. in.
Bond stress. — 171 lb. per sq. in.
Vertical shearing stress. — 102 lb. per sc. in.
At 125 000 lb. a crack appeared on the South side 18 in. from
one corner. At 130 000 lb. other oracks appeared on all four sides
and at 160 000 lb. still others formed. After holding: 1G0 000 lb.
for about 5 min. a sharq. pop was heard and the footing failed sud—
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denly. The concrete wafi sheared off by lateral movement of the
welded portion of the reinforcement.
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Footing Ho. 1848.2.
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Reinforcement. - 22—3/8 in. plain round rods, welded. Percent—
0.4-05.
Steel stress. — 24 800 lb. per sq. in.
Bond stress. — 171 lb. per so. in.
Vertical shearing stress. — 102 lb. per sq. in.
The load was applied in increments of 25 000 lb. 75 000 lb
the first crack appeared on ITorth side near one corner. Other
hair cracks appeared at 100 000 lb. The load was removed when
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100 000 lb. was reached, in order to obtain .measurements of deform-
ation in the steel. Load was reapplied two days later. When
100 000 lb. was reached a second time some of the cracks which
appeared upon the first application of this load, had extended.
Footing failed suddenly at 160 000 lb. by horizontal shearing of
the concrete in the corners due to lateral movement of the welded
portion of the reinforcement.

conclusions.
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v. conclusions .
On the whole the results obtained from these tests agree
closely with the results found in previous years. The footings
failed in manners consistent with the failures of similarly rein-
forced footings of former tests, "but in general they failed at
slightly lower loads. This may "be due to the fact that owing to
the large number of readings the load was retained longer.
She different pairs of footings showed remarkably consistent
results. Footing Ho. 1845.2 failed at a load slightly in excess
of that carried by ITo. 1845.1. Footing Ho. 1849.1 which may iustly
go with this pair showed considerable increase in stiffness due to
the extra amount of concrete below the steel. The cube tests showed
that the concrete was of better quality than was used in ITo. 1845.1
and 1845.2. This may help to account for the extra load carried
by II o. 1849 .1.
The measurements for slix) of bars show results which are'
consistent with the method of failure. They are comparable, also,
with the results obtained in the 1912 tests. The measurements
showed the first slip to occur, in general, where a crack had
developed along the bar thus reducing the bond resistance of the
concrete
.
The measurements of deformations in the auxiliary reinforcing
bar showed the effect of cracks in localizing stress in the steel.
They also showed that cracks were present in the concrete before
hey became visible to the eye. which is consistent with what has
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been found for "beams .
The manner of failure of the footings which were reinforced
with 2E-5/8 in. rods in the outer 12. in., and the compression and
tension measurements on these footings lead one to believe that
the critical section for this type of reinforcement is on a diagona]
vertical section. The average load carried by the footings of this
series with welded barn was about 20$ greater than the average load
carried by the footings of the 1912 tests similarly reinforced, but
with the bars not welded, The failure there ascribed to bond was
probably a result of the tendency for the localization of high stres
near the ends of the bars. The reinforcement consisting of welded
bars was somewhat in the nature of circumferential reinforcement.
It might be interesting for future experiments to determine the
efficacy of this type of reinforcement, both alone and combined
with radial reinforcement, for footings.
The results of the measurements for deformation in the con-
crete on top of the footings seem to indicate that a peculiar form
of curvature exists in footings, this being large on lines thru '
the center of the footing parallel with the sides. The assumption
that the critical section is on a line with the face of the pier
is not expected to be exactly correct, and the diagrams of com-
pression show that it is not, but the difference in stress between
this section and one thru the center of the footing is not as great
as the difference in the moment at the two sections.
A more complete study of the results of the compression meas-
urements might bring out a number of other points not covered in
the discussion. The indications which this kind of measurements give
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however, along the lines mentioned above and the possibilities
connected with them make it seem that further investigation in
the future would be of value. There is also opportunity for some-
one to devise a method by which the actual stresses in the steel
could be. measured. Measurements of the stresses in the steel would
clear up a number of uncertainties which nov; exist as to the dis-
tribution of these stresses and would help to put the design of
footings upon a more exact basis.
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West Side of Footing ITo . 1849.1 after Failure.
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Bottom of Footing Ho. 1049.1 after Failure.















Bottom of Footing Ho. 1048.1 after F
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3'4*. A*
Corner of Bottom of Footing No. 184-8.1
Reinforcing Bars Bent Out of Line

98





